Abstract -A new cyclic nitrone spin trap, [4-(3',3'-dibutyl-2'-oxy-3'H-isoindol-5'-yloxy)butyl]triphenylphosphonium bromide (MitoSpin), bearing a lipophilic cation has been prepared by a route that involves a novel Parham-type lithiation-cyclization of an isocyanate to give the isoindolinone core. MitoSpin accumulates in a membrane-potential dependent way in energized mitochondria and its oxidation could potentially be used in the study of oxidative stress resulting from reactive oxygen species generated in mitochondria.
Introduction
Mitochondria play a central role in energy metabolism and cell death, and consequently mitochondrial dysfunction contributes to many pathologies.
1 It has been suggested that reduction of oxygen to superoxide by the mitochondrial respiratory chain ultimately leads to the production of highly reactive oxygen-centred radicals and carbon-centred radicals which are then responsible for many of these pathologies and for ageing on a cellular and whole organism level. 2, 3 Nitrones 1 react with these highly reactive oxygen-centred and carbon-centred radicals (Y • ) to give nitroxides 2 that are more stable and longer lived (Scheme 1). 4 The nitroxides 2 can be detected by EPR spectroscopy and the hyperfine splittings observed can often be used to identify the radical that led to their formation. Thus, nitrones can be used as so-called spin traps for the study of radical processes in biological samples and there is interest in making spin traps that would accumulate within mitochondria and report on mitochondrial radical production. 
Scheme 1 Spin trapping with nitrones
Small molecules can be targeted to mitochondria by conjugation to lipophilic cations such as the alkyltriphenylphosphonium (TPP) cation. 9, 10 These lipophilic cations easily permeate biological membranes due to their hydrophobicity and large ionic radius, and the large mitochondrial membrane potential (150 -170 mV, negative inside) causes the several-hundred fold accumulation of these lipophilic cations into the mitochondrial matrix in accordance with the Nernst equation. [9] [10] [11] This approach has been used to target antioxidants to mitochondria in cells, in vivo and in patients as a therapeutic approach 10, 12, 13 and to drive the accumulation of probe molecules within mitochondria. [14] [15] [16] Recently, three different spin traps have been targeted to mitochondria by conjugating them to TPP cations: α-phenyl-N-tert-butylnitrone (PBN), 5 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO) 8 and 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO) 6, 7 ( Figure 1 ). The PBN derivative 3 produces long-lived nitroxide radicals with carboncentred radicals, but not with oxygen-centred radicals, while the targeted BMPO and DEPMPO spin traps 4 and 5 also react with oxygen-centred radicals to generate relatively stable spin adducts, which can be identified by their hyperfine couplings. One problem with nitroxides is that they are rapidly converted into EPR-silent products in vivo through their reduction by ascorbate, glutathione and ubiquinol, 17 and there is interest in developing spin traps that generate adducts that are resistant to such reduction. 1,1,3,3-Tetraalkylisoindolin-2-yloxyl radicals 18, 19 are reduced more slowly than many, 18 and we designed MitoSpin 6 as a spin trap that would be targeted to mitochondria by a TPP cation and was expected to generate sterically-protected (albeit less so than the tetralkyl derivatives) isoindolin-2-yloxyl radicals 7 by reaction with highly reactive oxygen-centred and carbon-centred radicals (Y  • ) (Scheme 2). The nitrone moiety would be conjugated with an electron-donating alkoxy group to enhance reactivity with electron-deficient oxygen-centred radicals, and since the benzylic C-N bond of spin adducts 7 would be held in a ring perpendicular to the π system, this conjugation should not encourage the fragmentation of the spin adducts. The alkyl groups would serve the dual role of encouraging interaction with the mitochondrial inner membrane (the site of the main source of free radicals within mitochondria) and sterically protecting the radical centre in the adduct, while the presence of two tails rather than one should also discourage micelle formation. 
Results and Discussion
Fevig and co-workers had prepared a nitrone related to MitoSpin 6, via Lewis-acid mediated cyclization of an isocyanate to give an isoindolinone core. 21 However, in preliminary studies, we found a similar cyclization unsatisfactory, so MitoSpin 6 was prepared by first brominating 3-methoxyphenylacetic acid 8 to give acid 9. This was converted into ester 10 and two consecutive enolate alkylations produced ester 12 via ester 11. Conversion to the free acid 13 could be achieved in base or by S N 2 reaction with lithium iodide, and reaction with diphenylphosphoryl azide (DPPA) followed immediately by Curtius rearrangement of the acyl azide gave isocyanate 14. Rather than hydrolyzing the isocyanate 14 to give an amine for transition metal-mediated carbonylation with carbon monoxide, 22 we decided to investigate whether a Parham-type procedure 23 involving lithiumbromine exchange followed by intramolecular reaction between the resulting aryllithium and the isocyanate would give amide 15 directly. Couture and co-workers had shown that isoindolinones could be made from carbamates in this way, 24 and intermolecular reaction between phenyllithium and an isocyanate to produce an acyclic amide was known, 25 but the intramolecular version of this reaction was new. Therefore, we were delighted to find that the isocyanate 14 gave amide 15 in high yield when treated with tert-butyllithium. Reduction to give amine 16 proceeded smoothly.
Oxidation of amine 16 to nitrone 17 followed by deprotection to give phenol 19 was successful, but reversing the steps to give the phenol 18 first was more efficient. Finally, coupling with commercially available phosphonium salt 20 gave MitoSpin 6, albeit in modest yield. 
Scheme 3 Synthesis of MitoSpin 6
To assess whether MitoSpin 6 accumulated within mitochondria driven by the membrane potential we used an ion-selective electrode that responds to the triphenylphosphonium (TPP) moiety ( Figure 2 ). The electrode was inserted into a stirred, thermostated incubation chamber and Addition of the respiratory substrate succinate to generate a mitochondrial membrane potential led to a rapid decrease in the concentration of MitoSpin 6, consistent with its uptake into the mitochondrial matrix on induction of a membrane potential. To confirm that the uptake was due to the mitochondrial membrane potential, we next added the uncoupler carbonylcyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) which abolished the mitochondrial membrane potential and led to a rapid efflux of MitoSpin 6 from the mitochondria.
The electrode response to hydrophobic TPP compound is semi-quantitative due to electrode drift. 26 Even so, we can estimate that under these conditions the steady state concentration of MitoSpin 6 outside energised mitochondria is approximately 3 µM and that the remainder of the is accumulated inside the mitcohndria. From the incubation chamber volume and the intramitochondrial volume (~0.6 µL/mg protein 28 ) this corresponds to approximately 3 mM concentration of MitoSpin 6 inside mitochondria, consistent with the ~1000-fold accumulation by the mitochondria expected from the Nernst equation for mitochondria with the expected mitochondrial membrane potential values of 150 to 170 mV. 9 Therefore, these data are consistent with uptake of MitoSpin 6 into mitochondria driven by the mitochondrial membrane potential, indicating that MitoSpin 6 behaves in a similar way to other hydrophobic TPP-conjugated compounds and that on addition to mitochondria it is rapidly taken up into the matrix. 
Scheme 5
The high propensity of MitoSpin 6 to be oxidized means that it will not be useful for distinguishing between different radicals in mitochondria. However, it is taken up by mitochondria and reacts with oxidizing agents to give a strong, simple EPR spectrum, so it may be useful for the detection of oxidative stress in mitochondria, when natural antioxidants are depleted. Indeed, its oxidation products could also be quantified by other techniques such as HPLC-MS as markers of oxidative stress. Furthermore, MitoSpin's ability to reduce oxidizing species, and its accumulation at the sites believed to be responsible for much of the endogenous oxidative stress in cells, gives it potential as a therapeutic antioxidant.
34
In conclusion, we have demonstrated a novel Parham-type cyclisation of an isocyanate to access an isoindolone skeleton, and used this as the key step in a concise synthesis of a new spin trap, MitoSpin 6. MitoSpin 6 is a potentially useful mitochondria-targeted spin trap and could also be used therapeutically or as a probe to investigate mitochondrial oxidative stress in various models.
Experimental Synthesis
Reactions under an inert atmosphere were carried out using oven-dried or flame-dried glassware.
Solutions were added via syringe. THF was freshly distilled from sodium benzophenone. Mitochondrial Incubations. Rat liver mitochondria were prepared by homogenization followed by differential centrifugation in 250 mM sucrose, 5 mM Tris-HCl, 1 mM EGTA, pH 7.4. 37 Protein concentration was determined by the biuret assay using BSA as a standard. 38 All incubations were at 30 °C in KCl buffer (120 mM KCl, 1 mM EGTA, 10 mM HEPES, pH 7.2) supplemented with 10 mM succinate and 4 µg/mL rotenone. A TPP-selective electrode was constructed and used as previously described 39 to measure MitoSpin accumulation into rat liver mitochondria.
